Pulsed photoionization of laser-cooled atoms in a magneto-optical trap (MOT) has the potential to create cold electron beams of few meV bandwidths and few ps pulse lengths. Such a source would be highly attractive for the study of fast low-energy processes like coherent phonon excitation. To study the suitability of MOT-based sources for the production of simultaneously cold and fast electrons, we study the photoionization dynamics of trapped Cs atoms. A momentum-microscope-like setup with a delay-line detector allows for the simultaneous measurement of spatial and temporal electron distributions. The measured patterns are complex, due to the Lorentz force inducing spiral trajectories. Ray-tracing simulations reproduce the main features. We find that the production of electron bunches with bandwidths of a few meV is straightforward; however, pulses in the ps-range are more demanding and require beam blanking or partial blocking. Published by AIP Publishing.
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Modern electron spectroscopy and microscopy applications demand higher and higher spatial, momentum, time, and energy resolution. This in turn requires bright electron and ion sources with narrow energy and time spread. Photoionization from cold atoms in a magneto-optical trap (MOT) seems highly attractive, as the concentration of atoms is high ($10 10 atoms/cm 3 ). [1] [2] [3] This method has been used to produce monochromatic electron or ion beams with low emittance, enabling, for instance, single-shot electron diffraction experiments or microscopy. [4] [5] [6] [7] [8] [9] As we are primarily interested in the development of an ultracold electron source, we do not discuss the extensive work which has been carried out on the development of ultracold ion sources. Many of the traits which make a cold atom electron source appealing are shared with cold ion sources which have facilitated, for example, the observation of space charge dynamics 10 and high-resolution imaging. 8, 11 A review of cold atom ion sources is presented in Ref. 2. Compared to ions, the extraction dynamics for electrons are more complex due to their larger sensitivity to the magnetic field of the MOT. A comprehensive analysis of an electron beam from a MOT requires not only electron-imaging on a spatially resolving detector 12, 13 but also a simultaneous measurement of the temporal beam properties. In this paper, we report the experiment of this kind. The momentummicroscope-like setup includes a delay-line detector (DLD) 14 recording (x,y,s)-resolved electron emission distributions (x,y, transverse coordinates; s, time-of-flight), see supplementary material. Such a system opens the path towards the direct observation of the electron extraction dynamics, which are critical for understanding the factors limiting the electron temperature. Spatio-temporal distributions are studied as a function of the electric and magnetic fields of the MOT and the initial kinetic energy of the photoelectrons. Runge-Kutta type ray tracing in the full 3D field distribution reproduced the measured I(x,y,s)-arrays and revealed complicated spiral-shaped trajectories for certain emission angles with respect to the symmetry axis. The central result of this work is that it is relatively easy to extract beams with narrow energy distributions, if one disregards the time structure. However, if both a small energy bandwidth in the meV range and a short pulse width are desired, beam blocking or blanking must be implemented. Figure 1 (a) shows a schematic view of the trapping region and electron optics. The atom cloud is trapped in the (fieldfree) centre of a strongly inhomogeneous magnetic field with a gradient up to 35 G/cm, generated by two coils in the "antiHelmholtz" configuration. A close-up view of the field distribution is shown in Fig. 1(b) . The MOT is a fully UHVcompatible design following Ref. 15 , housed in a mumetal chamber. The typical operating pressure when the MOT is formed was 4 Â 10 À10 mbar (at a base pressure of 2 Â 10 À10 mbar). The trapping laser is locked with a detuning of 10 MHz to the cross-over between the 6
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A mirror and a quarter-wave plate for the z-beam (tilted by 3 off the electron-optical axis) are installed at the rim of the DLD [see Fig. 1(a) ]. The x,y laser beams are complemented by air-side mirrors for the retro-reflected beams. The trapping laser beams have a diameter of 10 mm and an intensity of 13 mW/cm 2 . Given these values, we estimate that the temperature of Cs atoms is T < 200 lK and velocity is v < 15 cm/s. 17 Extraction of the photoelectrons is facilitated by an electrostatic extractor/lens combination (downstream of the MOT) and a repulsion grid (upstream). Together with the potential of the Cu body, these elements shape the electric field distribution in the MOT region [equipotential contours, blue lines in Fig. 1(b) ]. For the present measurements, the field was set to 0.33 V/mm. Further downstream of the extractor elements is the field-free drift section of the ToF analyser, and at its entrance, two pairs of deflector elements serve for centring the electron image on the DLD.
We studied the extraction dynamics of electrons with different initial kinetic energies. Two photoionization pathways were used [Figs. 1(c) and 1(d)]. A pulsed blue laser (375 nm, 50 ps pulses, 40 mW) is used for direct photoionization from 6p 3/2 , yielding an initial kinetic energy of 860 meV. Alternatively, the metastable 7s 1/2 state is populated by a 1470 nm laser and the fundamental of a tuneable Ti-sapphire laser (750-850 nm, 100 fs pulses, 800 mW) is used for the photoionization step. This yields initial energies variable between 0 and 50 meV. In both cases, the estimated number of electrons per pulse is not more than 1. Thus, the results represent average traces of electrons from many pulses.
For the present measurements, the magnetic field of the MOT and the extractor field were static. For ionization, the transverse mode was used. In this case, the ionization beam (diameter $200 lm) is perpendicular to the axis of the electron-optical system. In this geometry, the energy spread is determined by the width of the ionization beam and thus much narrower than in the axial mode where photoelectrons are generated across the entire MOT. 3 Being populated by six counter-propagating circularly polarized trapping-laser beams, the 6p 3/2 distribution is mostly isotropic. The electric vector of the ionizing laser beam was oriented along the electron-optical axis. Hence, the ejected electron distribution is expected to be rotationally symmetric as well.
Using the trigger of the laser pulse as the start signal for the DLD, we recorded 3D data arrays I(x,y,s) as functions of all the relevant parameters. Four electron distributions taken at different magnetic field gradients are shown in Figs MOT area with electric equipotential contours (blue), magnetic field vectors (black), and example photoelectron trajectories (for E kin ¼ 860 meV). The inset shows the details of ray bundles 1, 2, and 3 corresponding to emission angles h ¼ 0 , 50 , and 170 , respectively. Bottom: ionization processes used in the experiment, directly from 6P 3/2 using a blue ps-laser of 375 nm (c) or via 7S 1/2 (populated using a laser diode of 1470 nm) using a tuneable femtosecond Ti-sapphire laser (d). in the case of ionization from Cs 6p 3/2 . For the extraction rate of the present study, the Coulomb repulsion has no significant influence.
In order to understand the complex shape of the distributions and their strong dependence on the magnetic field, it is necessary to consider the path of a photoelectron, in this case with an initial kinetic energy of 860 meV. The combination of the weak electrostatic acceleration field [blue equipotential lines in Fig. 1(b) ] with the strongly inhomogeneous magnetic field (black arrows) leads to non-planar electron trajectories. The magnetic field B exerts the Lorentz force perpendicular to the velocity vector v of the electron, and the electric field E affects its kinetic energy E kin . The trajectories are defined by the equation of motion (e and m being the charge and mass of the electron)
B varies strongly in magnitude and direction; in the centre of the MOT, B ¼ 0, but its gradient rB is maximal. In turn, the electrons move in spiral-shaped paths along the (local) vector B, similar to a magnetic lens. The results from a ray-tracing simulation in the study by Simion 18 using self-developed visualization software are shown in Figs Fig. 3(d) reveals that the 30 -electrons (the red ray bundle) have made about 1 1 = 2 turns, whereas the 80 -electrons (green bundle) made 3 turns. This spiral movement increases the path and thus the time-of-flight substantially. At the end of each revolution, an electron approaches the axis of the microscope [see Fig. 3(d) ], which is seen as cross-overs in the section in Fig. 3(e) . At the end of this regime, close to 180 , a small loop in the experimental data may be found. This is the analogue of the small loop between 0 and 10 [see Figs. 2(f), 2(g), and 3(e)]. Changing the magnetic field changes the pitch of the spiral trajectory and consequently changes the period (time between two centres of the loops) and width of the resulting loops in Fig. 2 . For example, at a gradient of 15 G/cm, the period of the two major loops is 22 ns, whereas at 35 G/cm, it is 13 ns.
Two electron trajectories did not experience the Lorentz force: the 0 -electrons (being the earliest, defining time zero s ¼ 0) and the 180 -electrons, starting along the negative z-axis. These are decelerated by the electric field, reach a reversal point, and gain velocity along the positive z-axis until they cross the centre of the MOT with the same kinetic energy of 860 meV. For the electric field of E ¼ 0.33 V/mm, the simulation predicts a time lag of 20 ns from ionization (¼time of the laser pulse) until the electrons cross the MOT centre again [ Fig. 2(g) shows the region close to these 180 -electrons]. Since the initial energy is known, the field E in the MOT region can be estimated from the measured arrivaltime difference in the electrons flying along the z-axis, using z ¼ (eE/m)t 2 /2, according to Eq. (1). In the experiment, the time difference is 18 ns and E correspondingly is 0.35 V/mm.
To produce low-energy electrons (0-50 meV), we used a Ti-sapphire laser with the wavelength in the range of 750-777 nm. The oscillator runs at 80 MHz, and so, the period of the photon pulses is 12.5 ns. Figure 4 shows the measured distributions as functions of photon wavelength (top row) and corresponding simulations (bottom row). Due to the pulse length of 100 fs, the photon-energy bandwidth is about 7 meV. The initial kinetic energies shown on top of Two crossing points with the optical axis exhibit strong intensity enhancement. Above E kin $ 25 meV [panels (f), (g), and (h)], these points are well-separated, whereas they partly overlap at lower energies. The point at s ¼ 0 (repeated at 12.5 ns) corresponds to 0 -electrons and might contain a contribution of electrons with small initial energies. The second point shifts with energy and corresponds to the end of loop B.
To better understand which electrons appear on the DLD at a certain instant, simulations similar to those for the ionization with the 375 nm laser were performed. Figures  4(i)-4(o) show the results for the values of E kin comparable to the experiment. These sections in x-s coordinates are colour coded depending on h. All panels in Fig. 4 have the same scale and represent the same isochronous surface (with equal time-of-flight of the photoelectrons) close to the DLD plane. It is clearly visible how the increase in initial energy leads to beam widening and increased time spread between electrons with different h values whose energies significantly increase up to E kin ¼ 16 meV. Then, the pattern becomes more complicated.
Close inspection of the upper and lower row reveals a 1:1 correspondence of measured and simulated results. It is evident that the systematic changes with increasing photon energy reflect the increase in transversal momentum, which, in turn, leads to the occurrence of spiral trajectories. The signal becomes wider in the direction perpendicular to the optical axis, and additional loops give evidence of completed turns of the spirals.
These results provide important guidelines for the design of a cold (few meV bandwidth) pulsed (few ps pulse width) electron source. For excitation by the blue ps laser, the results (Fig. 2) show that the most useful signal intensity is made of electrons with h less than 40 and more than 160
. In this regime, the time spread with the angle is small and the intensity is maximal. These intervals can be readily selected using an angular aperture at the front of the extractor electrode. Another possibility is to use a different ratio between the ionization energy with respect to the zero-field ionization threshold (different laser wavelengths) and the Stark shift of the ionization threshold caused by the applied electric field. In this case, different regimes take place for which not all emission angles are allowed and the electron motion is open at small h.
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For the close-to-threshold excitation (Fig. 4) , the bandwidth of our fs laser (7 meV) sets a natural limit to the attainable energy and time resolution. Nominally, for very small initial energy E kin $ 1 meV, the time spread is only 430 ps between the 0 and 180 -electrons. The latter may be reduced even further by adding an aperture restricting the accepted angular interval, for example, from 0 to 30 . Then, flight time s is almost constant with a difference of $40 ps. In Fig. 4 (top row) , some x-s sections of the stack of time iso-surfaces for different initial E kin values of the electrons are presented. All the sequences were measured for identical magnetic field gradients and electrode potentials. The electric field value was determined with the help of simulations. The main criteria were the collection efficiency and pulse duration. The favourable angular intervals close to 0 and 180 generate two electron pulses whose separation depends on the strength of the extractor field. For timing experiments with maximal precision, it might be necessary to remove the 180 -signal by a fast electron-optical blanking system as discussed in Ref. 22 or use below threshold ionization. 19 In order to use the MOT as a pulsed monochromatic cold electron source, two conditions must be met at the same time: the extractor field must be sufficiently small so that only a few meV energy spread occurs within the ionization volume defined by the overlap of the beam of the ionizing laser with the MOT. In addition, the time spread must be reduced to the value required for the experiment. The easiest way to meet the condition is to place one or several apertures on the beam axis, thus limiting the angular range. Given an extractor field of 0.33 V/mm and an ionization area of 30 lm, we estimate a spread of 9 meV. Hence, in the present experiment, the bandwidth of the Ti-sapphire laser determines the total energy bandwidth of our electron beam. By using longer pulses, the photon bandwidth can be easily reduced in order to reach a total energy spread of <5 meV.
Much more demanding is the generation of short electron pulses. The spiral paths induce time lags that can only be reduced by a substantial reduction in the angular acceptance, at the expense of intensity. We rather pursue the way to rapidly switch the magnetic field off in the instant of the ionizing laser pulse. 23 Preliminary results are obtained and will be presented in further publications. This work did not aim at optimization of the intensity. Using the Ti-sapphire laser, it should be possible to emit one electron per pulse, corresponding to a beam current of 12 pA. This will allow for time-resolved experiments, e.g., the study of inelastic processes with small energy losses like phonon excitation in a parallel-imaging device. 24 Experiments with a pulsed magnetic field in combination with a DC MOT are now being performed by our group. The photoelectron signal from the Cs 7s 1/2 level shows strong dichroism upon illumination with linearly polarized light. As expected, in contrast to experiments in the presence of the magnetic field, spatio-temporal distributions are substantially simplified and show single isochronous intensity lines.
See supplementary material for the detailed explanation of the delay-line detector operation.
